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Introduction
). Epidemiological studies have revealed that the existence of a 4 relationship between fine particle concentration and respiratory and cardiovascular diseases 5 (Pope, 2000) . Numerous studies have since proposed that ultrafine particles (UFP -particles 6 <100 nm) are more toxic compared to larger particles of same composition and the adverse 7 health effects caused by UFP number concentrations have been indicated to be stronger than 8 those by the fine particle mass concentrations (Peters et concentrations. The mass concentrations of the particles less than 100 nm, which really govern 11 the total particle number concentrations in urban areas are insignificant (Seinfeld and Pandis, 12 1998). Thus, current air quality measurements might be insufficient to permit assumptions to 13 be drawn concerning the association between particle number and the detrimental health effects. 14 It is, therefore, vital to measure the particle number size distributions in order to fully 15 understand the environmental effects of atmospheric ultrafine particles (Peters et areas (Brines et al., 2015) . Several NPF studies in rural and urban areas have revealed that NPF 26 is generally favoured under high insolation and wind speed, low relative humidity, and low pre-27 existing particle surface area (Kulmala et al., 2004; Kulmala and Kerminen, 2008) . As such, 28 the increased background concentration of UFPs in polluted areas seems to decrease the NPF. 29 Nevertheless, NPF events are still observed in many polluted urban areas and some of the 30 studies have revealed that strong correlation between the NPF and the levels of vapour-phase 31 H2SO4 which is mainly produced by the chemical oxidation of SO2 with the hydroxyl radical 32 during daytime (Jeong et can be found in Hama et al. (2017) . In this study hourly traffic density data was provided by 6
Leicester City Council was used. For a detailed overview of the monitoring sites and the 7 JOAQUIN project, the reader is referred to the final report (Joaquin, 2015) . at AURN site. The reference method for the determination of concentrations of O3 are described 20 in European Standard EN14625, more information can be found in this website (https://uk-21 air.defra.gov.uk/networks/monitoring-methods?view=eu-standards). For a detailed overview 22 of the instruments and monitors that were used in this study and also about data quality 23 assurance in the JOAQUIN project, the reader is referred to Hama et al. (2017) . 24 Meteorological data were obtained from a mobile laboratory van during this study. Moreover, 25
Meteorological data were also provided by the Air Quality Group from the Leicester City 26
Council, located 4.9 km northwest the AURN site. The mean, median, and max values of wind 27 speed (WS), wind direction (WD), temperature (T), and the relative humidity (RH) form March 28 to May 2014 at both sites are shown in Table 3 
where Σ Kij.Nj is the coagulation sink. Nj is the particle number concentration of size bin j. Kij 1 is the coagulation coefficient between size bin i and j, and is given as (Seinfeld and Pandis, 2
where d is the diameter of a size bin, D and βF are the size dependent diffusion coefficient and 6
Fuchs correction factor of particles, respectively (Seinfeld and Pandis, 2006). 7
8
The growth rate (GR) of NPF events is defined as the rate of change in the diameter. The GR 9 was calculated according to Kulmala The condensation sink (CS) is a measure of how rapidly vapour molecules will condense onto 16 pre-existing particles and depends mainly on the shape of particle size distribution ( 
where D is the diffusion coefficient for H2SO4 (0.104 cm 2 s -1 ), βM is the size-dependent 26 transition correction factor, dpi is the aerosol particle diameter, Ni is the particle number 27 concentration, α is mass accommodation coefficient (α=1), and Kn is the Knudsen number canbe expressed in terms of particle diameter and the mean free path vapor molecules (λv) as 1 (Pirjola et al., 1999) : 2 = 2λ (8)
The pressure and temperature dependant mean free path of vapour molecule (λv) can be 5 calculated by the following equation from Willeke (1976) :
where P is in kPa and T in K. at 293 K and 1 kPa atmospheric pressure, the λr (mean free path) 10 is 0.039 µm for H2SO4. By using this reference value of λr, λv can be calculated for measured 11 pressures and temperatures during NPF event days at the sampling sites. By using these above 12 equations and measured PNSD at AURN and BF sites, the CS were computed for the NPF Table 5 ). The average concentrations of Nnuc and NAitken are lower than that in 19 Leipzig, Helsinki, and London. However, they are higher than those in Copenhagen and 20
Harwell. The average concentrations of Nacu are higher than those studies at AURN site, 21 whereas they are lower than those studies except in Harwell at BF site. It should be noted that 22 the differences might be related to the instrumentation (different size range of diameter), and 23 also the sampling locations and weather conditions at each cities. The mean and median values 24 of the metrological parameters are shown in Table 3 . Form these values it can be suggested that 25 the weather conditions are similar during the measurements at both sites (from March to May 26 2014 It is clearly showed that little change in temperature (~ ±2-3 o C). It should be noted that the 29 PNSD might also be influenced by metrological conditions during our measurements. Table 6  30 presents Pearson's correlation coefficients between PNSD and metrological parameters at both 31 sites. PNSD showed no relation with all metrological parameters. The very low correlation 32 coefficients can be explained as a results of the local sources (such as traffic emissions) that 1 dominate the sources of PNSD and also indicated that traffic emissions have higher impact on 2 PNSD than metrological conditions at both sites. From these results it can be concluded that 3 PNSD at both sites are influenced more by vehicle exhaust emissions rather than metrological 4 conditions during our campaign. 5
In addition, Figure 2 shows the variability of the atmospheric particle number size distribution 6 at two urban background sites within Leicester. The AURN site shows considerably higher 7 particle number concentrations than the BF site. Proximity to roads is the primary driver: the 8 distance between AURN site and the major and minor roads were 140 m and 20 m, respectively, 9
and also to the effect of numbers of vehicles that passing by the major and busy road (see section 10 2.1). For particle diameters smaller than 100 nm an obvious difference in the concentrations is 11 observed between the both sites. The small particles dominate the total particle number 12 concentration (Ntotal) (see Table 4 The following sections will focus on the discussion of the measured average particle number 2 size distribution at both sites and also its dependence on the time of the day. In addition, the 3 impact of school holidays (Easter) on particle number at the BF site, along with weekday and 4 weekend variations at both sites will be discussed. Easter period, respectively. In addition, the traffic intensity (number of vehicles per hour) are 22 also shown in Table 7 . The lower traffic density during Easter holiday was observed when 23 compared with the week before and after, the traffic intensity are 539, 518, and 373 vehicles 24 h -1 for week before, after, and Easter period, respectively. This result showed that during Easter 25 holiday was observed lower traffic intensity, the traffic-related pollutants, and the PNSD. This 26 might be linked to the impact of holiday of the schools in Leicester during the Easter holiday 27 since people have not used their cars as much as normal school days. It can be concluded that 28
Easter holidays can impact on PNSD in Leicester. 29
Temporal Variations
1 Diurnal and nocturnal variations of the particle size distribution at both sites shown in Figure  2 4. At both sites higher concentrations were found in the nucleation mode (diameters less than 3 25 nm) during daytime (7:00-19:00), caused by the new particle formation events that are 4 observed at both sites. Lower concentration of particle diameter in the size range ~30-100nm 5 are observed during the daytime at both sites. This is probably as a result of the higher mixing 6 layer and higher wind speed leading to better mixing of particles, which occurs mostly in spring 7
and summer in urban background areas (Ketzel et (Monday to Friday, excluding holidays) and weekends at both sites are shown in Figure 5 . 14 Generally, during weekday's higher ultrafine particle number concentrations were observed at 15 both sites. On weekends, ultrafine particle number concentrations were lower due to lower 16 and 6b for Nnuc on weekdays and even more clearly on weekends. This peak might be related 7 to the new particle formation which typically occurs at midday when traffic intensity is quite 8 low, and most strongly during spring or summer (Reche et al., 2011; Brines et al., 2015) . The 9 lowest concentration was observed for accumulation mode particles in the afternoon, which 10 was mainly affected by the higher mixing layer. At the weekends, it can be seen that the morning 11 peak occurs later compared to weekdays, associated with the tendency for people to go out later 12 in the morning at weekends. Another high peak was also observed during evening; this is 13 probably due to intense leisure traffic at the weekend evening. 14 The weekly variations of the different modes of particle number concentration at both sites are 15 shown in Figure 7a be noted that NOx and eBC were only observed in the morning and afternoon rush hour peaks, 26 but do no peaks at noon; confirmation that the peak at noon belongs to NPF rather than local 27 sources (such as traffic emissions). However, during non-NPF event days the diurnal variations 28 of Nnuc, Ntotal, NOx, and eBC clearly showed two peaks during morning and afternoon traffic 29 rush hours in Leicester which belongs to the local sources and Nnuc follows NOx and eBC 30 profile as presented in Figure 8b . It can be concluded that the peaks were found at noon in Figure 6a and 6b can be related to NPF events and more clearly appeared at BF site (Figure 6b speed and direction at a receptor (Carslaw and Ropkins, 2012) . Figure 9a shows a CPF plot for 12 TNC at AURN site, representing TNC sources where the total particle number concentration 13 (30 min averaged) is >50 th percentile TNC equal to 7728 # cm -3 . In Figure 9a there is a clear 14 implication that there is a higher probability of these particle concentrations originating from 15 the north-west and south-west, corresponding to the direction of University and Welford Roads 16 (see sampling sites in section 2.1). By comparison, Figure 9b shows a bivariate polar plot for 17 the same TNC data period. In this plot also the most obvious feature are the higher particle 18 concentrations of total number particles can be found at low WS (less than 2 ms Figure 11 shows the relationships between different modes of 9 PNSD and WS at AURN site. It should be noted that high concentrations of PNSD were 10 observed at low WS (< 2 m s -1 ). This observation might be related to the dilution effect. Dilution 11 is affected by metrological conditions such as the mixing layer height, which controls the 12 vertical dilution, and wind direction and speed, which control horizontal dilution. The 13 association with lower wind speeds probably relates to the balance between lower dilution at 14 low wind speeds and the longer transport times at these lower wind speeds, which allow more 15 time for dispersion and deposition. Similar patterns were observed at the BF site when high 16 PNSD levels were measured during low WS as presented in Figure 12a The second major source of ultrafine particles in the urban atmosphere of developed urban areas 27 is secondary aerosol formation (Brines et al., 2015) . Previous studies using measurements in 28
Birmingham (approximately 55 km from Leicester) have shown that there are three main 29 sources of such particles: emissions from road traffic, emissions within the plumes fromsite (31 days). In this study NPF events for where observed on 86 days (including AURN site 2 data) and focused on NPF events at BF site. During the study period in Leicester a total of 14 3 days of NPF events (four days at the AURN site, and ten days at the BF site) were observed 4 during the morning (after morning rush hours) and afternoon hours (before evening rush hour). 5
This emphasises the importance of this mechanism during the spring season. This is consistent 6 with the previous study conducted in Helsinki (Northern Europe) urban atmosphere that 7 observed maximum photochemical particle formation during spring (Hussein et al., 2008) . 8 Figure 13a and 13b show two NPF events on different two days that were observed at BF site. 9
In the first case (Figure 13a ) three peaks were observed for TNC during the day: the first of 10 which occurred from around 06:00 to 08:00, possibly due to traffic exhaust emissions during 11 the morning peak hours in Leicester; the second peak was observed from around 10:30 to 15:00, 12 probably owing to the formation of new particles; and the third one was also most likely caused 13 by traffic exhausts emissions during the evening peak hours. The NPF event was observed 14 clearly at around 10:30-15:00 when traffic emissions were low due to a decrease in traffic 15 volume, but TNC was found to be high (12289 # cm Table 8 ). These results 26
suggested that the burst of nucleation mode particles encouraged by the NPF had a significant 27 influence on the increasing particle number concentration during the campaign period at both 28 to the source, can be considered to be primary. In this study, the J10-25 was impacted by the 22 primary and secondary sources in Leicester urban areas. It should be noted that the low values 23 of J10-25 in this study, might be associated to the relatively high concentration of pre-existing 24 particles in Leicester environment. 25 The CS average values were 5.7, and 4.53 × 10 -3 s -1 , the average Q values were 5.9, and 4.23 × 26
10
5 cm -3 s -1 , at AURN, and BF sites, respectively (see Table 9 ). The CS average values observed 27 in this study were comparable with the other studies in European cities such as Athens (0.006 28 is approximately two to three times lower than urban environments due to the variance in 2 number concentrations and size distributions. The Q average values found in this study were 3 similar with other European urban background sites (2.6 × 10 5 -1.6 × 10 6 cm -3 s -1 , (Kulmala et  4   al., 2005) ). It can be seen that more vapours should be involved in the particle growth processes 5 to prevent the new particle formation in a polluted urban areas as a result the high vapour source 6 rate obtained. For example, the high source rate of condensable vapour observed in New Delhi 7 (0.9 -1.4 × 10 7 cm -3 s -1 , (Kulmala et al., 2005) , and North Plain China (0.6 -2.5 × 10 6 cm -3 s -1 , 8 (Wang et al., 2013) . It can be seen that high hourly average O3 levels observed during NPF 9 events at both sites ( Table 9 ). The mass concentrations of O3 were higher than 60 µg m -3 in all 10 days during NPF events, and reached maximum 89.98 µg m -3 on 3 rd May 2014 (Table 9) , 11
proposing that O3 and NPF has similar sources or formation processes and most likely the 12 photochemical among the precursors (such as VOCs, NOX, and SO2) of O3 and NPF. As such, 13 O3 can be a significant indicator for NPF event occurrence. In addition, O3 can also be the 14 precursor of NPF as it is responsible for the production of condensable compounds through 15 direct reactions (with VOCs), and indirect formation of other oxidants (such as OH and HO2). 1093 nm, to characterize the evolution of particle number size distribution and new particle 3 formation (NPF) events in Leicester, UK. The diurnal and weekly variations of size-segregated 4 particle number and eBC mass concentrations were characterised. At the AURN site the Nnuc, 5
NAitken, Naccu, Ntotal, and eBC mass concentrations were 2002, 3258, 1576, 6837 # cm 3 , and 1.7 6 µg m -3 , and at the BF site 1455, 2407, 874, 4737 # cm 3 , and 0.77 µg m -3 , respectively. Ntotal 7 seem to be dominated mostly by the Nnuc, and NAitken particles at both sites, demonstrating that 8 particles at both sites are predominantly influenced by traffic emissions. The highest Nnuc and 9
NAitken were observed during workdays, and the lowest concentrations observed during 10 weekends, especially Sundays. The temporal variation of Naccu was not significant. The diurnal 11 variation of the Ntotal, eBC, and NOX concentrations demonstrated very similar behaviour at 12 both sites, with the maximum concentrations occurring during morning and late evening hours 13 and the lowest variation during the afternoon hours. This behaviour could be attributed to 14 primary emissions of ultrafine particles (e.g. traffic) and the temporal evolution of mixing layer. 15
According to wind polar plots it can be observed that more particles come from the directions 16 that the busy roads and residential areas in the vicinity, suggesting that aerosol particles 17 originate mainly from traffic and domestic heating emissions. Finally, this short-term study has 18
shown that ultrafine particles are increased by NPF events at both sites; however, not enough 19 to conclude that new particle formation is a major source of atmospheric particles in Leicester. 20
In order to be able to reveal the impact of NPF on ultrafine particles longer term measurements 21 of PNSD in Leicester would be necessary. 
